Tumor necrosis factor-a (TNF-a) is a cytokine produced predominantly by macrophages, and at highest levels in response to lipopolysaccharide (LPS) [1] . It is a major mediator of endotoxic shock, of cachexia, and of several chronic inflammatory disease states [2] . Therefore, the understanding of its biosynthetic regulation is a key step for the development of new strategies to treat these diseases. TNF-a gene expression is regulated at multiple levels including transcription and translation [1, 3, 4] . Indeed, macrophage activation by LPS leads to the NF-kB-dependent activation of TNF-a gene transcription and the rapid accumulation of TNF-a mRNA in the cytoplasm [5] . In addition, TNF-a mRNA, which is translationally repressed in the absence of stimulation, is rapidly recruited into polysomes upon activation of the cells [6] . The key element involved in this translational regulation is the AU-rich element (ARE) located in the 3 H untranslated region (UTR) of TNF-a mRNA [7] . This 70-nucleotide long sequence is composed of several repeats of the AUUUA pentamer. Similar AREs are found in the 3 H UTR of a growing number of mRNAs encoding cytokines, proto-oncogenes, or other transiently expressed proteins [8] . In addition to TNF-a, interleukin-2 (IL-2) and IL-3 mRNAs have been reported to be regulated at the translational level by such elements [9±11] . Several other in vitro studies show that AREs mediate mRNA destabilization [12±15] by promoting mRNA deadenylation [16] . However, in some situations, ARE-containing mRNAs can be stabilized, indicating that ARE-mediated instability can be modulated [17±19] . In this regard, it is worth noting that the half-life of transcripts encoding IL-2, interferon-g (IFN-g), granulocytemacrophage colony stimulating factor (GM-CSF) and TNF-a is markedly increased in T cells upon activation by phorbol esters or upon engagement of the CD3 and CD28 surface molecules [13,15,20±23] .
A recent in vivo study addressed the impact of deleting TNF-a ARE from mouse genome on the regulation of TNF-a biosynthesis and on the physiology of the host. It revealed that the absence of the ARE affects mechanisms responsible for TNF-a mRNA instability and translational repression in hematopoietic and stromal cells, resulting in the development of chronic inflammatory arthritis and Crohn's-like inflammatory bowel disease [24] . However, although this report clearly confirmed the physiological importance of the ARE for the proper regulation of TNF-a production, much remains to be understood concerning the ARE-mediated mechanisms controlling mRNA stability and translation. We and others have identified proteins that specifically bind to TNF-a ARE. One of these proteins is TIAR, which is constitutively abundant in the macrophage cytoplasm [25] . Recently, tristetraprolin (TTP), the prototype of a class of Cys-Cys-Cys-His (CCCH) zinc finger proteins, was also identified as a TNF-a ARE-binding protein.
The knockout of the TTP gene leads to an increased TNF-a mRNA half-life, indicating that TTP participates in TNF-a mRNA destabilization [26] . Moreover, ectopic expression of TTP in human embryonic kidney 293 cells causes the deadenylation and the subsequent degradation of a reporter mRNA containing TNF-a ARE. In macrophages, TTP is cytosolic and its synthesis is induced by the same agents that stimulate TNF-a production, suggesting that it is a component of a negative feedback loop down-regulating TNF-a production by destabilizing its mRNA.
As the stability of TNF-a transcripts is up regulated upon activation of T cells [13, 20] , we determined whether TNF-a mRNA half-life could also be modulated by LPS in macrophages and thereby could participate to the overall increase of TNF-a production observed upon macrophage activation. As the poly(A) length constitutes a major determinant of mRNA stability, we also evaluated TNF-a mRNA poly(A) status in resting and LPS-stimulated macrophages.
M A T E R I A L S A N D M E T H O D S

Reagents
All the reagents and enzymes used in this study were purchased from Roche Molecular Biochemicals and Life Technologies Inc., unless specified. LPS from Escherichia coli (strain 0.127:B8) was obtained from Sigma. 
DNA constructs
The TNF(A98) construct used in this study was generated by introducing in the SP65 plasmid the whole sequence of the murine TNF-a (SP65TNF). This was followed by introducing, in the Sma/BamHI sites, a fragment of 98 A residues derived from the pi34t-catpA98 (a generous gift from Drs Matthias Hentze and Martina Muckenthaler). In vitro transcription of the SP65TNF(A98) construct generated a transcript corresponding to TNF-a mRNA with a poly(A) tail of 98 adenylic residues.
Cell culture and treatments
The murine macrophage cell lines RAW 264.7 and J774 were originally obtained from the ATCC. The cells were maintained in DMEM containing 5% fetal bovine serum (FBS; Myoclone Super Plus, Gibco BRL) and 1% penicillin-streptomycin. Macrophages were stimulated with LPS (100 ng´mL 21 ) unless specified. Actinomycin D was used at a final concentration of 5 mg´mL 21 . HeLa cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. To change iron conditions, the cells were incubated with 100 mM hemin or 100 mM desferrioxamine for 12 h.
Isolation of total RNA and RNase H treatment
Total RNA was prepared with RNaqueous system (Ambion) or by Trizol (Life technologies). RNase H treatment was performed according to the method described by McGrew et al. [27] . 
Analysis of poly(A) tail length by PCR
The PCR-based analysis of poly(A) tail length or PAT-analysis was performed as described by Salle Âs and Strickland [28] with some modifications as illustrated in Fig. 3 . Untreated or RNase H-treated RNA (500 ng) was used as the input material.
For PCR amplification, 1 mL of PAT-cDNA was added to a standard 50 mL PCR reaction containing 25 pmoles of both an mRNA-specific primer [^200 nucleotides upstream from polyadenylation signal] and the oligo(dT)-anchor primer. PCR was performed with unlabelled dNTPs and the amplified products were revealed by electrophoresis on 2% agarose gel Subsequent ligation performed at 42 8C generated a nearly full-length complementary copy of the poly(A) tail, leaving a short 3 H overhang of oligo(A) resulting from the instability of a short A /dT hybrid at 42 8C. An oligo(dT)-anchor was then added at a five-fold molar excess with respect to p(dT) 12218 , and the temperature was lowered to 12 8C to favor hybridization and ligation of the oligo(dT)-anchor to the extreme 3 H end of the poly(A) tails. After ligation, the temperature was raised to 42 8C and the RNAs were reverse transcribed, using the ligated poly(dT)-anchor stretch as the template primer. The length of the poly(A) tail of a specific mRNA was estimated by the size of the PCR products after amplifying the cDNA using the oligo(dT)-anchor and a 5 H specific primer for the mRNA of interest. The PCR products were submitted to electrophoresis on 2% agarose gel followed by Southern blot analysis with a labeled oligonucleotide hybridizing within the amplified sequence. Amplified products derived from RNase H-treated RNA resulted from the hybridization of the oligo(dT)-anchor primer to residual adenylic nucleotides at 12 8C and subsequent reverse transcription and PCR.
followed by Southern blot analysis with an internal oligonucleotide hybridizing within the amplified sequence.
The sequence of the oligo(dT)-anchor primer was identical to that described by Salle Âs [28] :
H . The mRNA-specific primers were designed to hybridize to the following positions: in human l-chain ferritin mRNA, 153 nucleotides upstream of the polyadenylation signal (5 H -GGCTCACTCTCAAGCACGAC-3 H ) [29] ; in GAPDH mRNA, 178 nucleotides upstream of the polyadenylation signal (5 H -CATGGCCTCCAAGGAGTAAG-3 H ) [29] ; in murine TNF-a mRNA 185 nucleotides upstream of the polyadenylation signal (5 H -AGCTGAGCTGTCCCCACCTG-3 H ).
The internal specific oligonucleotides were designed to hybridize to the following positions: in human l-chain ferritin DNA, 72 nucleotides downstream from the position of mRNA-specific primer (5 H -GCTTCTGCCTAAGCCTCTCCCTCCAG-3 H ); in GAPDH DNA, 71 nucleotides downstream from the position of mRNA-specific primer (5 H -CCCAACTCGGCCCCCAACACT-GAGC-3 H ); in murine TNF-a DNA, 40 nucleotides downstream from the position of mRNA-specific primer (5 H -TTTAAACA-TAAGCAAAAGAG-3 H ).
Northern blot analysis
Northern blot analysis was performed as described by Kruys et al.
[30] using 6 mg of total cytoplasmic RNA for TNF-a mRNA detection. In summary, the RNA samples were denatured in 100% formamide. Glyoxal (0.7 m final concentration) and bromophenol blue was added, and samples were heated at 65 8C for 10 min, unless specified. They were then subjected to electrophoresis in 1.2% agarose, dissolved in Tris/acetate/ EDTA buffer. The electrophoresis was performed at 80 V (4 V´cm 21 ) for 165 min. Transfer to a nylon membrane was accomplished electrophoretically, and the RNA was crosslinked by UV irradiation. Blots were hybridized with an antisense TNF-a riboprobe. For quantification, the blots were rehybridized with a GAPDH antisense riboprobe. RNA quantification was achieved by measuring the radioactive signal with a PhosphorImager and by normalizing the radioactive signal corresponding to TNF-a mRNA to that of GAPDH in the same RNA sample.
R E S U L T S
Measurement of TNF-a mRNA half-life in macrophage cells before and after LPS stimulation J774 and RAW 264.7 mouse macrophage cell lines produce large amounts of TNF-a in response to LPS. Moreover, the transcriptional and post-transcriptional regulation of TNF-a biosynthesis by LPS is well characterized in these cell lines [31±35] . Therefore, both cell lines constitute appropriate systems to analyze the TNF-a mRNA turnover in the course of macrophage activation by LPS. TNF-a mRNA half-life was measured in unstimulated cells as well as in cells stimulated with LPS for 1 and 4 h by adding actinomycin D after activation. TNF-a mRNA degradation was monitored over a period of 2 h thereafter. These time points were selected on the basis that TNF-a mRNA accumulation and TNF-a production reach a peak after 1 h of LPS treatment and that after 4 h, the macrophages enter into an LPS-tolerant phase characterized by a dramatic decrease of TNF-a release (data not shown; [36] ). TNF-a mRNA is degraded with similar kinetics in unstimulated and LPS-stimulated cells (Fig. 1) . Indeed, by quantifying the radioactive signal corresponding to TNF-a mRNA on the blot, its half-life was estimated to be < 46 min in RAW 264.7 cells whatever the activation state of the cells. In the J774 cell line, the measured half-life of TNF-a mRNA was < 44 min in the absence of LPS and < 50 min after exposure to LPS for 1 and 4 h. This slight increase of half-life upon activation with LPS is, however, not significant as small variations were observed from one experiment to the other. Moreover, more than 80% of TNF-a mRNA is degraded between 90 and 100 min after addition of actinomycin D whatever the activation state of the cells.
Altogether, the results obtained in two different cell lines indicate that TNF-a mRNA is short-lived even in activated cells, thereby implying that the increase of TNF-a synthesis upon LPS treatment of macrophages relies exclusively on transcriptional and translational activating mechanisms and is not a consequence of a change in TNF-a mRNA stability. It should be noted that TNF-a mRNA migrated as a double band in RNA samples from both unstimulated and LPSstimulated cells (Fig. 1) . As this heterogeneity of migration might be due to structures resistant to the denaturing conditions used for northern blot analysis, TNF-a mRNA was denatured at higher temperature (100 8C) before analysis. This experiment confirmed that the double band previously observed was due to residual structures within the RNA molecules as denaturing at 100 8C led to its migration as a single band (data not shown). However, as heating at 100 8C led to some hydrolysis of the RNA, the RNA samples were preferably denatured at 65 8C before analysis by northern blot.
Analysis of the polyadenylation state of TNF-a mRNA before and after LPS stimulation
As poly(A) tail removal is a critical step in the ARE-mediated decay pathway [14, 16, 38] , we compared the polyadenylation state of TNF-a mRNA in the absence of LPS and after 1 h of LPS treatment. RAW 264.7 and J774 macrophage cells were incubated with or without LPS (100 ng´mL
21
) for 1 h. Two micrograms of each RNA sample were treated with RNase H in the presence of oligo(dT) and were first analyzed by northern blot in parallel with untreated RNAs. A slight difference of electrophoretic mobility was observed between untreated and RNase H-treated TNF-a mRNA. However, this difference was detected for RNA samples from both unstimulated and stimulated cells (Fig. 2) . To evaluate the size of the TNF-a mRNA poly(A) tail, we assessed the resolution of the gel. Therefore, we compared the migration of an in vitro transcribed TNF-a mRNA bearing 98 A residues and its deadenylated form obtained after treatment with RNase H in the presence of oligo(dT). Removal of the poly(A) tail of the TNF-a synthetic transcript led to a shift in migration that was more important than that observed for the natural mRNA, thereby indicating that TNF-a mRNA has a poly(A) tail of reduced size (, 100 residues). As a control for the RNase H treatment, a northern blot analysis of GAPDH mRNA was performed, and a clear difference of migration was observed between RNase H-treated and untreated GAPDH mRNA. A careful comparison between the migration shift of the RNase H-treated vs. the untreated GAPDH mRNA and in vitro transcribed TNF-a mRNA bearing 98 A residues vs. its deadenylated form (lanes 9 and 10) revealed that the poly(A) length of GAPDH mRNA was longer than 98As. Moreover, the size heterogeneity in untreated samples (a slight smear) could be observed, indicating the existence of a long and heterogeneous poly(A) tail. Altogether, these results suggested that TNF-a mRNA is hypoadenylated and that it does not undergo major size changes upon LPS stimulation.
In order to further confirm these results, we assessed the length of the TNF-a mRNA poly(A) tail by using an alternative approach. This procedure corresponded to the PCR-based PAT assay [28] with some modifications (Fig. 3) . The PAT assay originally described by Salle Âs et al. [28] involves a final PCR step with labeled dATP that allows the detection of the amplified products. This procedure does not provide the real distribution of the poly(A) tail lengths for a specific mRNA as it PAT analysis was performed with untreated (±) and RNase H-treated (1) RNA samples to obtain TNF-a (A) or GAPDH (B) specific products. Lane 9 corresponds to the amplified GAPDH product from an RNase-H treated sample and was a size control for the GAPDH amplified products. RNA extraction and RNase H treatment were performed accordingly to the method described in Materials and methods. Southern blot analysis of the PCR products was performed with 5 mL (1/10) of the PCR reaction. The two lanes on the right side of the panels correspond to the migration of the 50-bp and 100-bp DNA ladder, respectively (lanes 9 and 10 in panel A; lanes 10 and 11 in panel B). Similar results were obtained in at least three independent experiments. favors the detection of long poly(A) tails, the short ones giving rise to a weaker radioactive signal. Therefore, we designed an alternative method in which the PCR step is performed with unlabelled dNTPs and the amplified products are analyzed by Southern blot with an oligonucleotide hybridizing within the amplified sequence. This modified procedure was validated by measuring the shortening of the poly(A) tail of ferritin l-chain mRNA upon iron depletion as previously reported [29] . HeLa cells were cultured for 12 h in the presence of an iron source, hemin (H), or the iron chelator, desferrioxamine (D). Cells were harvested and total RNA was prepared. Two micrograms of each RNA sample were treated with RNase H in the presence of oligo(dT) to deadenylate the messenger RNAs. Untreated and RNase H-treated RNAs were then used for PAT assay. The PAT-PCR products obtained from iron-enriched cells were long and of heterogeneous sizes (Fig. 4A, lane 2) . In contrast, the PAT-PCR products from iron-depleted cells migrated mostly as a single band at the same level as the PAT-PCR products from RNAse H-treated RNA samples (Fig. 4A, compare lane 4 with  lanes 1 and 3) . The distribution of the radioactive signal within each lane was quantified by densitometry of the autoradiograph and is illustrated in Fig. 4(B) . It confirmed that the ferritin l-chain PAT-PCR products from iron-enriched cells were of heterogeneous sizes ranging from 200 to 430 bp, corresponding to poly(A) tails of < 40 to < 270 As as < 160 bp of the amplified products derived from the region between the 5 H primer and the 3 H end of the transcript. In contrast, the PAT-PCR products from iron-depleted cells were more homogeneous in size. Indeed, most of the radioactive signal was concentrated into a band (< 200 bp) co-migrating with the PAT-PCR products obtained with RNase H-treated samples and only a minor fraction of the products migrated with lower mobility. Considering the resolution of the gel (see Fig. 4A , migration of the 50 bp DNA ladder) and the intrinsic width of the band, the poly(A) tail of most of the l-chain ferritin mRNA molecules upon iron depletion could be estimated to be shorter than 25 adenylic residues. These results indicated that deadenylation of ferritin l-chain mRNA upon iron depletion could be observed by this modified PAT-PCR method. Therefore, it was used to analyze the length of the TNF-a mRNA poly(A) tail in macrophages. RNA from unstimulated and LPS-stimulated RAW 264.7 and J774 cells was prepared and part of each RNA sample was treated with RNase H in the presence of oligo(dT). The PAT assay was performed with untreated and RNase H-treated RNA. The TNF-a-specific PAT-PCR products obtained from RNA of unstimulated and LPS-stimulated cells co-migrated as a discrete band with the products obtained with the corresponding RNase H-treated samples (Fig. 5A) . Considering the resolution of the gel and the intrinsic width of the band, the PAT-PCR products might correspond either to deadenylated mRNA molecules or to molecules containing very short poly(A) (, 25 As). In contrast, GAPDH-specific PAT-PCR products (Fig. 5B) were considerably longer and heterogeneous, with sizes ranging from < 250 to < 400 bp, corresponding to poly(A) tails of < 70 to < 220 adenylic residues. Altogether, the results obtained by the PAT assay further confirmed that TNF-a mRNA is hypoadenylated in macrophages whatever their activation state, thereby implying that TNF-a mRNA translational activation upon LPS stimulation is not accompanied by a change of poly(A) tail length.
D I S C U S S I O N
It is now well documented that TNF-a synthesis is induced both at transcriptional and translational levels in LPS-stimulated macrophages [1, 3, 4] . The translational regulation relies on the presence of an ARE within TNF-a messenger RNA, which represses its translation in unstimulated conditions. Upon activation by LPS, TNF-a mRNA translation is derepressed, ensuring the rapid and efficient production of TNF-a. Macrophages thus constitute an excellent cell system to establish the relation between TNF-a production and mRNA stability. As AREs have been shown to regulate mRNA stability [15, 17, 20] , we determined whether TNF-a mRNA half-life could be modulated by LPS and thereby could participate in the overall increase of TNF-a production observed upon activation of macrophages. Assessments of TNF-a mRNA stability described in this report show that the TNF-a mRNA half-life is short (< 45 min) independent of the activation state of the macrophages, and thus does not constitute a regulatory step of TNF-a gene expression in this cell type. In this regard, it is worth mentioning that the disruption of the gene encoding the MAP kinase-activated protein kinase 2 (MAPKAP K2 or MK2), a downstream intermediate kinase of the p38 MAP kinase pathway activated by LPS, leads to a reduction of 90% in the production of TNF-a by LPS-stimulated macrophages without modifying TNF-a mRNA level and stability [39] . Altogether, our data and this observation provide evidence that the mechanisms controlling TNF-a mRNA stability and translation in response to LPS are uncoupled, although they both depend on the presence of the ARE within the mRNA 3 H UTR. Moreover, as TNF-a mRNA remains unstable upon exposure of the cells to LPS, activation of TNF-a synthesis at the posttranscriptional level mostly relies on translational regulatory mechanisms. This contrasts with the situation observed in T cells, in which TNF-a mRNA is markedly stabilized upon cell activation by engagement of the CD3 and CD28 surface molecules [20] . In this cell type, the TNF-a mRNA half-life varies from a few minutes in response to CD3 activation to 1±2 h after stimulation of both CD3 and CD28 receptors. TNF-a mRNA stabilization therefore largely contributes to the induction of TNF-a synthesis upon co-stimulation of CD3 and CD28 surface receptors as TNF-a gene transcription is not enhanced in these conditions [20] . Altogether, these observations and the data reported here indicate that the regulatory mechanisms controlling TNF-a synthesis at the posttranscriptional level are depending on the cell type considered and on the cell activation pathway.
Poly(A) tail removal is a critical first step in the decay pathway of ARE-containing messenger RNAs. In this report, we show by two different approaches that TNF-a mRNA is hypoadenylated whatever the activation state of the cells. Indeed, northern blot analysis revealed that TNF-a mRNA poly(A) tail is relatively homogeneous and short in size. This was further supported by the fact that TNF-a-specific PAT-PCR products mostly migrated as a single band, co-migrating with products amplified from RNAse H-treated samples. In contrast, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific products obtained from untreated RNA samples were considerably longer and more heterogeneous than those obtained from RNAse H-treated samples, indicating that GAPDH mRNA has a long poly(A) tail (< 70 to < 220 nucleotides). The PAT-PCR modified method used in these experiments was first validated by measuring the previously described deadenylation of l-ferritin chain mRNA upon iron depletion. Although this phenomenon was reproduced using our modified approach, the estimated lengths of the poly(A) tail of the l-ferritin chain mRNA in the presence or the absence of iron were shorter than those evaluated by the original PAT-PCR method: < 40 to < 270 vs. < 100 to < 330 As in iron-enriched cells and mostly
Instability and hypoadenylation of TNF-a mRNA (Eur. J. Biochem. 267) 6009
